Multistage pumps are intended to improve designs with low-vibration and -noise features as the industry applications increase the technical requirements. In this frame, it becomes really important to fully understand the vibration patterns of these kinds of complex machines. In this study, a vibration test bench was established to examine the vibration and stability of a cantilever multistage centrifugal pump under different flow rates. e vibration spectrum diagrams for the inlet and outlet sections and the pump body were evaluated under varied flow conditions. Results showed the effects of operational conditions on the vibration of the cantilever multistage centrifugal pump. Vibration velocity was primarily caused by mass unbalance at the shut-off flow rate point. Under different flow conditions, the blade passing frequency (BPF) and two times the blade passing frequency (2BPF) were the main excitation frequencies. e vibration frequency of the final pump body remained at the BPF under different flow conditions due to the contact with the outlet section.
Introduction
As an important device used for energy conversion and fluid transportation, multistage centrifugal pumps are widely used in agriculture and industry [1] [2] [3] . Examples are cantilever multistage pumps, which have the features of good maintainability and simple structure. In some applications, high requirements are set for the vibration and noise of multistage pumps. Numerous industries are relying not only on the operation of pumping systems with different required operating flow rates but also on the design flow rate. us, studying the general patterns and collecting the database of vibration in multistage pumps under varied flow conditions are important.
Vibration of pumps is complex, and structural characteristics, rotor unbalance, and unsteady fluid force can increase the possibility of generating nonlinear gyroscopic moment [4] [5] [6] . Moreover, dynamic faults, rotor instability, and airframe vibration increase during operation [7, 8] .
Addressing these problems are current targets of research efforts to facilitate improved and increased application [9] . Numerous studies have been conducted to examine vibration patterns by experimental and numerical methods. Khalifa [10] considered the effect of the shape of the blade outlet on pump vibration by testing the effects of V-, C-, and straight-cut-shaped blade outlets. Grosel et al. [11] applied different methods of data acquisition, tested pump vibration through a multichannel pulse system, and concluded that operational modal analysis could provide reasonable results. Yang et al. [12] adopted experimental and numerical approaches to study the unsteady flow characteristics and instability in the first stage of a multistage pump turbine in the pump mode. Al Tobi et al. [13] used vibration analysis and automatic diagnostic methods to analyze the vibration patterns in a centrifugal pump. Muralidharan et al. [14] investigated a centrifugal pump with a constant speed, an accelerometer sensor was mounted on the pump suction, and signals were processed at a sampling rate of 24 kHz and a sample length of 1024. e aforementioned studies are mostly limited to single-stage centrifugal pumps, and reports on vibration in a multistage centrifugal pump, especially a cantilever multistage centrifugal pump, are unavailable.
In this study, a cantilever multistage centrifugal pump was selected as a research model to evaluate vibration patterns under varied flow conditions. e vibrations in the inlet and outlet sections and pump body of the model pump were monitored using a Bently ADRE 408 portable vibration tester. e vibration characteristics of each monitoring point were analyzed by fast Fourier transform (FFT) and spectrum analysis under shut-off, part-loading, design, and overloading flow conditions. e results could extend the database to optimize the design of multistage pumps.
Test Rig

Pump Parameters.
e major design parameters of the cantilever multistage centrifugal pump are presented in Figure 1 , with a flow of Q des � 4.8 m 3 /s, four stages, singlestage head of H s � 8 m, motor rotation speed of n � 2800 r/min, number of impeller blades of z i � 8, and number of diffuser vanes of z d � 12. e diffuser vanes were located at the downstream of impeller blades. Figure 2 , a vibration test system was designed and established for a cantilever multistage pump test in the laboratory of National Research Center of Pumps, China. e vibration test system comprised an ADRE 408 vibration fault test system, a cantilever multistage centrifugal pump, and a closed-type test bench.
Test Device. As shown in
is vibration fault test system included a portable dynamic data tester, a 16-channel data acquisition card, and corresponding sensors. e system software could conduct timeand frequency-domain analyses and perform multiple operations for signals, such as integration, filtering, and adding additional monitor window. e sensitivity coefficient was set to 100 mV/g after vibration monitoring by the acceleration composite probe sensor.
Sensor Installation and Sampling.
e inlet pipe, inlet and outlet cavities, and first, second, third, and final stages were selected as the monitoring points to meet the research objectives and assess the structural characteristics of the cantilever multistage centrifugal pump. Vibration sensors were installed at these positions to acquire vibration data. e installation of sensors at each vibration monitoring point is shown in Figure 3 and Table 1 , with the initial phase of probes at the 0-time direction set to 0°. Vibration velocity could be used to represent the vibration intensity, given the cantilever centrifugal pump is a type of rotating equipment.
e vibration frequency range was set to 0-5,000 Hz. e sampling frequency was 12,800 Hz with a recording time of 100 ms.
Analysis Method of Vibration Signals.
Vibration signals contain abundant state information, such as amplitude, vibration frequency, phase, and all state parameters of rotating machines. According to studies on vibration in rotating machineries [15] , amplitude is an important index of vibration, and the vibration state of a centrifugal pump can be directly determined by monitoring the amplitude. Although the nature of vibration will not change with the signal pattern, the vibration characteristics may vary. e Test system and data acquisition. 1, regulator tank; 2, valve; 3, inlet pressure gauge; 4, pump; 5, outlet pressure gauge; 6, displacement sensor; 7, acceleration sensor; 8, outlet valve; 9, electromagnetic flow meter; 10, acquisition card A; 11, acquisition card B; 12, Bently tester; 13, computer. vibration velocity amplitude is the product of the vibration displacement amplitude and the frequency, and the vibration acceleration amplitude is the product of the vibration displacement and the square of the frequency [16, 17] . Both amplitudes reflect the influences of the vibration displacement and the frequency simultaneously. In this study, velocity signals were sampled and obtained after integral operation using acceleration sensors by considering the wide vibration frequency range of the model pump. e vibration spectrum of the signals was then obtained by FFT.
e shaft frequency f s was calculated on the basis of motor rotation speed (i.e., f s � n/60 � 2800/60 � 46.67 Hz).
e blade passing frequency (BPF) f bp is the harmonics of shaft frequency f s , which can be calculated through the impeller blade number z 1 , as f bp � z 1 and f s � 373.3 Hz.
Test Results and Analysis
e pump operating flow conditions could be controlled and changed accordingly by adjusting the valve on the outlet pipe. Tests were performed under different flow conditions, including the shut-off flow rate point (0Q des ), design flow rate point (1.0Q des ), and overloading flow rate point (1.5Q des ). e vibration spectra were analyzed to assess the vibration state of the pump [18, 19] .
Vibration Spectrum Analysis for Inlet and Outlet Sections.
e vibration spectra were measured at two monitoring points (i.e., the inlet pipe (CH1) and inlet cavity (CH2)) for five flow conditions (i.e., 0Q des , 0.6Q des , 1.0Q des , 1.25Q des , and 1.5Q des ), as shown in Figure 4 . e vibration spectrum at the inlet pipe of CH1 is shown in Figure 4 (a). At the shut-off point, the vibration velocity amplitude increased to 4-6.5 times of the BPF, with a maximum amplitude of 0.94 mm/s. At the design flow rate, the amplitude of the vibration velocity decreased compared with the part-loading conditions; however, the vibrations remained within the range of 0-2, 4-8, and 11-12 times of the BPF, which indicated that the harmonics of BPF exerted important effects on the vibration. Under overload flow conditions, the amplitude was reduced to the minimum value, and the vibration velocity reached 0.59 mm/s. e vibration spectrum of CH2 at the pump inlet cover was determined, as shown in Figure 4(b) . Under the flow rate of 0Q des , obvious vibration occurred and concentrated within the 8-9 times BPF range, with the highest amplitude of 2.21 mm/s. Under the design flow rate, the amplitude of vibration velocity was reduced overall.
e vibration remained obvious within the ranges of 0-2 and 6-10 times the BPF, with the maximum up to 0.73 mm/s. Under a high flow rate, the amplitude of the vibration velocity was reduced to a great extent. e vibration mainly appeared at the range of 0-2 and 6-8 times the BPF, and the maximum amplitude remained at approximately 0.73 mm/s. e vibration spectrum analysis at the inlet pipe and inlet cavity showed that the dominant frequency at the pump inlet was two times the BPF (2BPF), with larger amplitude vibration under the low flow condition. With the increasing flow rate, the dominant frequency of vibration was presented as the BPF, and the amplitude of high frequency was obviously decreased. us, the vibration characteristics at the inlet pipe and inlet cavity were mainly affected by the operation conditions. Figure 5 presents the vibration spectrum at the outlet of the multistage pump of CH7 and CH8 under different flow rates, which show the same vibration characteristics as those of CH1 and CH2. e vibration was obvious at one time, two times, and three times the BPF. Within the range of 4-8 times the BPF, the vibration amplitude was the most intense, showed multiple peaks, and reduced after eight times the BPF. With the increased flow rate, the vibration amplitude at the outlet section decreased gradually and showed the same variation trend as that observed for the inlet section. e maximum vibration amplitude appeared at the shut-off flow rate point and decreased to the minimum at a high flow rate because the flow in the pump was uneven, with considerable vortexes at the part-loading flow rate. us, the vibration characteristics of the monitoring points in the inlet and outlet sections were seriously affected by the operation conditions. ese sections were rigid connections in the test system. e test bench might produce secondary frequency vibration due to induction by water flow. Under the high flow condition, the flow in the pump improved, and the vortexes and vibration amplitude were reduced.
e vibration characteristics of the inlet and outlet sections were mainly determined by the number of impeller blades, and the domain frequency was the BPF [20] .
Vibration Spectrum Analysis of the Pump Body.
e vibration frequency spectra for different flow rates were determined, as shown in Figures 6-8 . ree flow conditions (i.e., 0Q des , 1.0Q des , and 1.5Q des ) were analyzed. Each condition exerted a different effect on the vibration amplitude and frequency. Figure 6 shows the vibration spectrum measured by CH3-CH6 at the shut-off point. e dominant frequencies of the first and last stages were the blade frequency. e secondary frequencies were twice the blade frequency; however, the amplitude of the first stage was significantly higher than that of the last stage. e dominant frequencies of the second-and third-stage pump bodies were two times the blade frequency, and the secondary frequencies were three times the blade frequency. us, the amplitudes of the blade frequency and the three times blade frequency were similar in the two stages. At the shut-off point, the peak value was two times the blade frequency of the second stage, which reached 2.82 mm/s. Shock and Vibration 3 e vibration spectra measured by CH3-CH6 under the design flow rate are shown in Figure 7 .
e dominant frequency of the first-stage pump body was four times the blade frequency. e secondary frequency was three times the blade frequency. e dominant frequency of the secondstage pump body was 2.3 times (850 Hz) the blade frequency, and the secondary frequency was three times the blade frequency. e vibration amplitude of the third-stage pump body increased significantly compared with the first two stages.
e dominant frequency was two times the blade frequency, and the secondary frequency was the blade frequency. In the last stage, the blade frequency was the dominant one, followed by two times the blade frequency. At the design flow rate, the peak value appeared at two times the blade frequency of the third stage and reached 2.24 mm/s.
With a gradual increase in the flow rate, the vibration spectra were measured by CH3-CH6 at 1.5Q des , as shown in Figure 8 . Under the high flow rate, the dominant frequency of the first-stage pump body was four times the blade frequency, and the secondary frequency was three times the blade frequency. e vibration amplitude was similar to that at one and two times the blade frequency. e dominant frequency of the second-stage pump body was 2BPF. e dominant frequencies of the two rear stages were the same as the BPF with similar amplitudes. e peak value appeared at four times the blade frequency of the first-stage pump body and reached 1.99 mm/s. e peak values and relative harmonics of each monitoring point under varied conditions are summarized in Table 2 , and the peak values are shown in bold.
Vibration among Stages.
e analysis of the vibration spectrum at each stage of the pump body under different operation conditions shows that the amplitudes of the dominant frequency at the two extreme conditions (i.e., the shut-off flow rate point 0Q des and the overloading flow rate 1.5Q des ) were considerably higher than that at the design flow rate for the first-stage pump body. ese deviations from the design conditions caused differences in the fluid exciting force, flow, radial force, and axial force during the multistage pump operation. e vibration dominant frequency at the shut-off point was the same as the BPF but was four times the BPF at the other two flow rates. e amplitude of the dominant frequency was lowest at the design flow rate. For the second stage, the vibration at the shut-off flow rate point was similar to that at the high flow rate. Both dominant frequencies appeared at two times the BPF; however, the amplitude of the dominant frequency at the shut-off flow rate point was 0.45 mm/s higher than that at the high flow rate. e vibration characteristics of the third stage changed distinctly with the flow rate, which primarily suggested that the amplitude decreased with increased flow rates, and the dominant frequency was reduced to the BPF from 2BPF. e last-stage pump body was connected with the outlet cover. All dominant frequencies were the same as the blade frequency under different conditions, and the amplitude was the smallest at the design flow rate. From the spectrum of the vibration characteristics, the vibration was mainly concentrated in the low-frequency area, from one to four times the BPF. is result indicated that the pressure pulsation produced by the rotor-stator interaction was an important source of vibration in the cantilever centrifugal pump. e variation diagrams for BPF and 2BPF at the monitoring points of each stage of the pump body are plotted in Figure 9 to analyze the variation in the main vibration frequency with the operation conditions. At the shut-off flow rate point, the amplitudes of the vibration velocity at the BPF initially decreased and then increased from the first to the last stage. Meanwhile, the amplitudes at 2BPF initially increased and then decreased. Under the design flow or the high flow conditions, the amplitudes at the BPF gradually increased from the first to the last stage, which indicated that the pressure in the pump increased with the stages during pump operation. e vibration produced by the pressure fluctuation was greater than that caused by the mass unbalance of the cantilever. Shock and Vibration 7
Conclusion
e vibration state of a cantilever multistage centrifugal pump has been measured and analyzed for different flow rates in this study. e results showed that the flow rates exerted distinct effects on the vibration spectrum at the inlet and outlet sections of the cantilever multistage centrifugal pump. e amplitudes of the vibration velocity were larger under the extreme flow conditions (i.e., 0Q des and 1.5Q des ).
e dominant frequencies at different stages could change with the operation conditions. e dominant frequency for the first and last stages was the BPF at the shut-off flow rate point, and the dominant frequency of other stages was 2BPF.
e variation in the vibration dominant frequency at the overloading flow rates was similar to that at the design flow rate. e dominant frequency of the last-stage pump body was the BPF under different flow rate conditions because the last-stage diffuser vanes were connected with the outlet section. e main vibration frequency range of the cantilever multistage centrifugal pump was found to be in the range of one to four times the BPF and likely to be one or two times the blade frequency. Mass unbalance primarily accounted for the vibration at the shut-off flow rate point. However, pump vibration was mainly caused by the pressure pulsation at the design and overloading flow rates.
e presented results could enrich the known database for optimization purposes. e domain frequency relates to the BPF, and the vibration frequency concentrates at the low-frequency range; hence, the vibration by the arrangement of impeller blades among stages can be reduced or controlled. e whole study confirms the validity and potential for future research works on the topic of the stage coupling vibration.
